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marine methylglyoxal observations available over the tropical Northern Hemisphere (NH) 1 ocean. Ratios of glyoxal : methylglyoxal > 1 over Chatham Rise but <1 at Cape Grim, 2 suggest different formation and/or loss processes or rates dominate at each site. Dicarbonyl 3 precursor VOCs, including isoprene and monoterpenes, are used to calculate an upper 4 estimate yield of glyoxal and methylglyoxal in the remote marine boundary layer and explain 5 at most 1-3 ppt of dicarbonyls observed, corresponding to 10% and 17% of the observed 6 glyoxal and 29% and 10% of the methylglyoxal at Chatham Rise and Cape Grim, 7 respectively, highlighting a significant but as yet unknown production mechanism. Surface -8 level glyoxal observations from both sites were converted to vertical columns and compared 9 to average vertical column densities (VCDs) from GOME-2 satellite retrievals. Both satellite 10 columns and in situ observations are higher in summer than winter, however satellite vertical 11 column densities exceeded the surface observations by more than 1.5x10 14 molecules cm -2 at 12 both sites. This discrepancy may be due to the incorrect assumption that all glyoxal observed 13 by satellite is within the boundary layer, or may be due to challenges retrieving low VCDs of 14 glyoxal over the oceans due to interferences by liquid water absorption, or use of an 15 inappropriate normalisation reference value in the retrieval algorithm. This study provides 16 much needed data to verify the presence of these short lived gases over the remote ocean and 17 provide further evidence of an as yet unidentified source of both glyoxal and also 18 methylglyoxal over the remote oceans. 19
Introduction 20
Natural aerosols, including sea spray and secondary aerosols originating from marine 21 dimethyl sulphide (DMS), have been shown to strongly affect the uncertainty of cloud 22 radiative forcing in global climate models, highlighting a need to understand the composition 23 and microphysical properties of marine aerosol in very pristine marine environments 24 (Carslaw et al., 2013) . While primary emissions, including wind-blown sea salt, make a large 25 contribution to aerosol mass in the remote marine boundary layer (MBL), organic carbon can 26 make a significant contribution to the mass of submicron marine aerosol in the more 27 There is considerable evidence that the dicarbonyls, and particularly glyoxal, makes an 14 important contribution to the organic component of marine aerosol over the remote oceans. and temperate regions, glyoxal mixing ratios were mostly below instrument detection limits. 25 In 2014 an additional source of glyoxal in the MBL was identified in laboratory studies 26 (Zhou et al., 2014) , when oxidation of the sea surface microlayer (SML) led to emission of 27 low molecular weight oxygenated compounds including glyoxal. However, the atmospheric 28 yields of glyoxal were low, attributed to the fast irreversible hydrolysis of glyoxal which 29 prevents transfer of glyoxal to the atmosphere. Van Pinxteren and Herrmann (2013) observed 30 a glyoxal enrichment factor of 4 in SML compared to the bulk ocean, but the concentration 31 observed was several orders of magnitude too low to explain mixing ratios of 10s of ppt 32 typically seen in the MBL (Sinreich et al., 2010) . The first eddy-covariance flux 33 measurements of glyoxal were recently made over the oceans, using an in situ Fast Light 1 Emitting Diode Cavity Enhanced Differential Optical Absorption Spectroscopy (LED-CE-2 DOAS instrument) (Coburn et al., 2014) . Negative flux (glyoxal transfer into the ocean) was 3 observed in both hemispheres during the day, and a positive flux from the ocean in the SH at 4 night. However, despite this first evidence of a direct oceanic source of glyoxal to the 5 atmosphere, the positive flux at night could explain only 4 ppt of the glyoxal observed in the 6 overlying atmosphere (some 30 % of the overnight increase), implying the contribution of 7 another night-time production mechanism. 8
Despite these recent advances in our understanding of glyoxal production processes, our 9 current inability to reconcile the presence of these short lived gases over the remote ocean 10 suggests we have not identified a significant source of glyoxal. It is likely that this 11 unidentified source also contributes to the glyoxal production in polluted terrestrial 12 environments, but is masked by a large contribution from anthropogenic precursors such as 13 acetylene. The production of glyoxal from photochemical processing of organic aerosol is a We provide much needed in situ glyoxal and methylglyoxal data from the very sparsely 32 measured temperate oceans of the Southern Hemisphere. Observations have been made using 33 derivatisation of dicarbonyls on 2-4 DNPH cartridges and analysis with HPLC, which is an 1 alternative measurement technique to the optical techniques used widely for oceanic glyoxal 2 observations to date. Measurements have been made in two seasons, summer and winter, and 3 auxiliary measurements, including carbon dioxide, radon and particles have been used to 4 conclusively remove the possibility of any terrestrial influence on the dicarbonyl 5 observations. This is the first study to concurrently measure a range of dicarbonyl precursors 6 (VOCs), so that the yield of dicarbonyls from its gas phase precursors can be conclusively 7 determined. Finally we provide the first methylglyoxal observations over the temperate 8 remote ocean. during the Surface Ocean Aerosol Production (SOAP) study (see Fig. 1 were loaded in the "Sequencer' which drew air off a 25m 3/8 inch PFA inlet line with a flow 23 rate of 10 L min -1 . Inlet losses were determined to be <2% for isoprene, monoterpenes, 24 methanol and dimethyl sulphide however losses were not specifically tested for dicarbonyls 25 due to the absence of a gaseous calibration standard. The sample inlet line pulled air from the 26 crow's nest of the vessel above the bridge, some 28 m above sea level. To avoid ship exhaust 27 from aft of the inlet being drawn into the PFA inlet line and sampled on to the cartridges, a 28 baseline switch was developed and deployed using a CR3000 micrologger control system 29 (Campbell Scientific, Logan UH). The switch used 1 Hz wind data from the vessel 30 port/starboard pair of Wind Observer anemometers (Gill Instruments, Lymington, U.K.) and 31 was configured to switch pumps off within 1 second of detecting non-baseline conditions. 32
The "baseline" was defined as: a five second running average relative windspeed > 3 ms The chromatographic conditions include a flow rate of 1.6 ml min -1 and an injection volume 8 of 25 µl, and the DAD was operated in the 220nm to 520nm wavelength range. The peaks 9
were separated by gradient elution with an initial mobile phase of 64% acetonitrile and 36% 10 deionised water for 10 minutes, then a linear gradient to 100% acetonitrile at 20 min, and 11 column temperature of 30°C. The deionised water used for analysis was 18.2 MΩ.cm grade 12
produced from a Millipore Milli-Q Advantage 10 system and HPLC grade acetonitrile was 13 purchased from Merck. 14 Standards for glyoxal and methylglyoxal were prepared by making hydrazone crystals from 15 glyoxal (40% wt in H 2 O), methylglyoxal (40% wt in H 2 O) and derivatisation reagent 16 2,4,DNPH (all from Sigma-Aldrich). The crystals were weighed and dissolved in acetonitrile 17 to produce a stock standard for the glyoxal and methyglyoxal derivatives, which was used to 18 make up a range of standards from 0.125 to 1.000 µg ml -1 which gave a linear response with 19 a correlation coefficient of 0.999 for both derivatives. 20
The DAD enables the absorption spectra of each peak to be determined. The mono carbonyl 21 DNPH derivatives all have a similar shaped absorption spectrum with a maximum absorption 22 near 360nm. In contrast, the dicarbonyls glyoxal and methylglyoxal have absorption spectra 23 which differ in shape to the monocarbonyls, and have a maximum absorption near 435nm 24 ( Fig. 2) . The difference in the spectra highlights which peaks in the chromatograms are 25 mono-or dicarbonyl DNPH derivatives and along with retention times allows identification 26 of the glyoxal and methylglyoxal peaks. Quantifying the dicarbonyl DNPH derivatives at 27 435nm results in increased peak height and also has the added benefit of reducing the peak 28 area of any co-eluting mono-carbonyl DNPH derivatives (Fig. 3) . All samples, blanks and 29 standards for glyoxal and methylglyoxal in this work were quantified using absorption at 435 30 nm which as discussed above is optimised for dicarbonyl detection. 31 Sample recovery was determined by spiking 1µg of glyoxal and methylglyoxal on to DNPH 32 cartridges -recoveries were 96 ±0.3 % for glyoxal and 111 ±8 % for methylglyoxal. The 33 degree of derivatisation was examined in these spiked cartridges to ensure both carbonyl 1 groups in the glyoxal and methylglyoxal molecules had reacted with the 2-4, DNPH (Wang et  2 al., 2009; Olsen et al., 2007) . Analysis of samples that had been extracted within the last 24 3 hours showed a second smaller peak indicating that ~ 5% of the glyoxal had reacted to form 4 mono-derivatives rather than bis-derivatives (e.g. only one carbonyl group had reacted). 5
However analysis of samples that were held for > 24 hours after extraction showed all of the 6 mono derivative had been converted into the bis-derivative. As all samples were extracted 7 then held for at least 24 hours before analysis, complete derivatisation to the bis-derivative is 8 expected. For methylglyoxal there was no evidence of any mono-derivatives. The total mass 9 of carbonyls and dicarbonyls sampled on the DNPH cartridges was at most 7% of the 10 cartridge capacity, and collection efficiencies of >93% have been determined for carbonyls 
Cape Grim 27
Atmospheric radon-222, carbon dioxide and particle concentration data were used to select 28 dicarbonyl samples with clean marine origin and no terrestrial influence. 29
Atmospheric radon-222 is a useful atmospheric tracer to determine the degree of contact 30 between an air parcel and a terrestrial surface, due to the much larger flux of radon from 31 terrestrial surfaces compared with the ocean. Hourly atmospheric radon-222 measurements at 1 Cape Grim are made on air taken from a 70 inlet (height above sea level 164 m) and using the 2 dual-flow loop two filter method. See Zahorowski et al. (2013) for details of the measurement 3 technique and application of radon data to identify clean marine air. 4
Carbon dioxide (CO 2 ) concentrations may be used to indicate whether an air mass is 5 primarily of marine origin or has had recent contact with land. Terrestrial contact results in 6 enhancement or draw down of CO 2 depending on the land use and anthropogenic sources. 7
Continuous CO 2 measurements at Cape Grim are sampled via a 70m inlet and measured via a 8
continuous, ultra precise CSIRO LOFLO NDIR system, described elsewhere (Steele et al., 9 2014 ). Hourly averaged CO 2 concentrations were used in this work. 10
Particle concentration may be used as an indicator of an air mass history, as recent contact 11 with a terrestrial surface leads to particle concentrations enhanced above low concentrations 12 typically found in marine air. Measurements of condensation (CN) nuclei greater than 10 nm 13 in diameter (CN>10nm) are made at Cape Grim using a 3010 CPC TSI particle counter, 14 sampling from the 10 m sample inlet described in Sec 2.1.1 (Gras, 2009 ). Hourly averaged 15 particle concentration data was used in this work. 16 
Baseline status at Cape Grim 17
Air is automatically classified as Baseline at Cape Grim (e.g. clean marine air) using a 18 combination of wind direction (190º and 280º) and a seasonally adjusted particle 19 concentration (CN>10nm) threshold based upon the previous five year's particle 20 concentration data (Keywood, 2007) . This Baseline status was used to identify clean marine 21 samples. 22 
SOAP Voyage 23
Carbon dioxide and particle concentrations (CN>10 nm) were used to identify dicarbonyl 24 samples with a clean marine origin and no terrestrial influence during the voyage. 25
Carbon dioxide (CO 2 ) measurements were made continuously using a Picarro Cavity 26
Ringdown laser (CRDS). The instrument was calibrated before and during the voyage using 27 three reference calibration tanks. The CO 2 intake through 6 mm Decabon tubing, from 28 alongside the crow's nest had a flow rate of 300 mL min -1 . 29
CN>10nm concentrations were measured with a 3010 CPC TSI particle counter. Antistatic 30 (copper coil) polyurethane ducting was used as a common aerosol inlet, and sampled air from 31 the main radar tower at 21 m in height above sea level. The inlet was 10 cm in diameter, 30 m 1 in length, with a flow rate of 800 L m -1 . The CPC intake was connected to the common 2 aerosol inlet via ¼ inch stainless steel tubing. Inlet loss tests indicated particle loss rates were 3 ~15% for total particle counts. 4 Cape Grim were initially identified as those for which > 90% of the sample hours were 10 classified as Baseline according to the criteria described in Sec. 2.2.2. Between 92-97% of 11 the sampling time was Baseline for the clean marine samples. Chatham Rise clean marine 12 samples were initially identified using the HYSPLIT air mass back trajectories, and in situ 13 measured wind direction. As an additional indicator of clean marine baseline air, concurrent 14 measurements of in situ continuous CO 2 , and CN > 10nm were calculated for Cape Grim and 15 SOAP samples (see Table 1 ). Concurrent atmospheric radon-222 concentrations were also 16 calculated for Cape Grim samples. 17
The pristine marine nature of these samples is clearly demonstrated by these supporting 18 
Dicarbonyl observations in clean marine air

13
The glyoxal mixing ratio at Cape Grim in winter is low (7 ± 2 ppt), and in contrast is higher In contrast to glyoxal, the methylglyoxal mixing ratios in pristine marine air are higher at 21
Cape Grim (28 ± 11ppt) compared to Chatham Rise (10 ± 10 ppt). The average ratio of 22 glyoxal:methylglyoxal in clean marine air is ~4 over Chatham rise (range 1.7-5.9) while at 23
Cape Grim the average ratio is 0.3 (range 0.2-0.4) Given that many of the gas phase 24 precursors of methylglyoxal are also precursors of glyoxal this major difference in ratios at 25 the two sites is striking, and is also seen when taking into account non-pristine marine 26 samples. Possible reasons for this difference are discussed in Sec. 3.2.3 below. value of 80 ppt is the highest average mixing ratio reported over the oceans and substantially 7 higher than mixing ratios observed in this study, although the variation of this value is not 8
given (Zhou and Mopper, 1990) . Overall, the synthesis of glyoxal observations from this and 9
other studies provides compelling evidence for the widespread presence of glyoxal, in non-10 negligible mixing ratios, in the atmosphere over the remote oceans. 11 to the much higher yield of methylglyoxal from isoprene and monoterpenes compared to 21 glyoxal, and the rich source of methylglyoxal precursors from urban regions including 22 alkenes and alkanes > C 2 (Fu et al., 2008) . 23 The only other observations of methylglyoxal over the world's oceans come from the 24 Caribbean Sea (Zhou and Mopper, 1990) , with an approximate value of ~ 10 ppt which is 25 somewhat lower than that observed at Cape Grim, but in agreement with Chatham Rise 26 mixing ratios in this study. 27
Methylglyoxal
Differences between dicarbonyl ratios at Cape Grim and Chatham Rise
28
The average ratio of glyoxal: methylglyoxal is 3. The back trajectories of air in clean marine samples at both Cape Grim and Chatham Rise 3 indicate that the air sampled at both sites originated from the Southern Ocean, from a latitude 4 of 55 -65ºS 96 hours prior (Fig. 4a and b) . A major difference between the back trajectories 5 of the two sites is the longitude, with Cape Grim back trajectories covering 50 ºE -140ºE and 6 the trajectories from the more easterly located Chatham Rise covering 90º E -175ºE. The 3-D 7 trajectory altitude (not shown), suggests that air from all clean oceanic samples at both sites 8 travelled in the lower 750m of troposphere 24 hours prior, and which up to 48 hours prior had 9 originated at a height of between 500-1500m (Chatham Rise) and 300-1200m (Cape Grim). 10
No clear differences in vertical back trajectories between sites, or relationship between height 11 and mixing ratios were evident. 12
Because glyoxal and methylglyoxal are so short lived, their observed mixing ratios are due to 13 equilibrium between local production and loss. Therefore the difference in ratios between 14 sites indicates a major difference or differences in production or loss rates. 15
If differences in ratios are due to differing rates of production of dicarbonyls, this could be 16 due to a) varying concentrations of precursor gases, b) different emission rates of dicarbonyls 17 from the SML, or c) other unconfirmed production mechanisms. Methylglyoxal and glyoxal 18 have a number of overlapping gas phase precursors, and while there are precursors specific to 19 each (e.g. acetylene, acetone and benzene for glyoxal and higher alkanes and alkenes for 20 methylglyoxal) (Fu et al., 2008) , in clean marine conditions precursor mixing ratios are 21 unlikely to differ significantly between sites. The calculated yield of dicarbonyls from 22 parallel or best estimate precursor mixing ratios at both sites is low (see Sec. 3.3) and so other 23 production mechanisms must be dominating at these sites. 24 Emission of glyoxal from the SML has only very recently been reported for the first time 25 (Zhou et al., 2014) , and there is no evidence as yet of direct emission of methylglyoxal from 26 the oceans. It is likely that methylglyoxal is emitted from the oceans: it has been measured 27 alongside glyoxal in the SML in concentrations which are enhanced above the bulk water, 28 indicating its production in the SML, (van Pinxteren and Herrmann, 2013; Zhou and Mopper, 29 1990 ). However, the relative abundance of methylglyoxal in the SML compared to glyoxal is 30 highly uncertain, but the studies that have investigated this have found higher concentrations 31 of glyoxal compared to methylglyoxal by a factor of 3 (van Pinxteren and Herrmann, 2013) 32 and 5 (Zhou and Mopper, 1990 ). Meanwhile, a laboratory study which detected glyoxal from 1 oxidation of the SML did not find evidence for methylglyoxal production (Zhou et al., 2014 ). 2
It is therefore possible that the ratio of glyoxal:methylglyoxal is higher at Chatham Rise 3 compared to Cape Grim due to enhanced direct emission of glyoxal from biologically 4 productive waters which were targeted over Chatham Rise, in contrast to Cape Grim which in 5 winter samples air which has passed over waters of low biological productivity. The 6 likelihood of SML as a major source of glyoxal is uncertain given the modest atmospheric 7 yields of glyoxal in laboratory studies (Zhou et al., 2014) and modest positive fluxes of 8 glyoxal from the tropical ocean (Coburn et al., 2014) . However emission of dicarbonyls from 9 the temperate oceans has not been studied and so the temperate SML, as a source of 10 dicarbonyls particularly in biologically active regions such as Chatham Rise, cannot be 11
discounted. 12
It is also possible that the difference in dicarbonyl ratios between the two sites is due in part 13
to differences in loss rates between glyoxal and methylglyoxal. The major sink for both 14 dicarbonyls is photolysis which is unlikely to explain the difference in observed ratios. Other and Hoffmann, 1988), glyoxal was more efficiently removed from the atmosphere via wet 25 deposition at Cape Grim due to its more rapid uptake into aqueous particles. While wet 26 deposition is a globally minor sink, it is likely to be important at night in the absence of other 27 major sinks (Fu et al., 2008) . However, the reason for this difference cannot conclusively be 28 (Table 3) . Where a 4 concurrent measurement of a precursor was not available, an estimate was made. All 5 estimated precursor mixing ratios are identified, and the source of the estimate is given in 6 Table 3 . Where no observations of the precursor at the site were available (e.g. toluene and 7 xylene in winter at Cape Grim), but observations of a similar compound class were available 8 (e.g. benzene) the mixing ratio of benzene was used as a reliable upper estimate for shorter-9 lived toluene and xylenes. Where no observations of the precursor were available, and no 10 measurements of compounds from a similar class were available, mixing ratios were based on 11 the same precursor species at a different site (e.g. summer Cape Grim acetylene, alkene and 12 alkane observations were used for Chatham Rise). In other cases, in-situ observations from 13 the site in the same season were used, but based on measurements several years prior (e.g. 14 Cape Grim ethene and propene). Where observations from the specific season were not 15 available, e.g. winter isoprene, acetone and monoterpenes at Cape Grim, a spring or summer 16 value was used, which for isoprene and monoterpenes are likely to be an upper estimate. 17
Three dicarbonyl precursors, glycoaldehyde, methyl butenol and hydroxyacetone, were 18 excluded from the calculation as all are emitted from terrestrial processes (biomass burning 19 and biogenic emission) and are short-lived, so are unlikely to contribute to dicarbonyl 20 production over the remote ocean. 21
The expected mixing ratios of dicarbonyls that could be explained by oxidation of each 22 precursor were calculated according to the following equation: 23
Where MR dicarbonyl is mixing ratio of dicarbonyl, MR precursor is mixing ratio of precursor, 25 Y dicarbonyl = yield of dicarbonyl, prec = lifetime of precursor and dicarbonyl = lifetime of 26
dicarbonyl. 27
Global annual mean molar yields of glyoxal and methylglyoxal from precursor gases were 28 taken from Fu et al. (2008 methylglyoxal (1.6 hours) were used (Fu et al., 2008) . 4 Table 3 . shows that the small proportion of glyoxal and methylglyoxal production accounted 5 for is largely driven by isoprene and monoterpenes. The precursors can explain at most 1-3 6 ppt of glyoxal and methylglyoxal at these two sites, which equates to only 17% and 10% of 7 glyoxal and 10% and 29% of methylglyoxal over Cape Grim and Chatham Rise, respectively. 8
By dividing the difference between the measured and calculated mixing ratios by the average 9 global lifetime of glyoxal and methylglyoxal, the production rate in the boundary layer 10 required to reconcile the measured and calculated dicarbonyl mixing ratios can be 11 determined. For glyoxal, the additional production rate required is 48 ppt/day (97 ppt C/day) 12 and 172 ppt/day (343 ppt C/day) while for methylglyoxal the additional production rate 13 required is 378 ppt/day (1135 ppt C/day) and 106 ppt/day (318 ppt C/day) at Cape Grim and 14
Chatham Rise. 15 As mentioned in Sec. 2.2.3, the isoprene and monoterpene mixing ratios over Chatham Rise 16 were below the instrument detection much of the time, and substitution of half MDLs may 17 result in an upper estimate of mixing ratios for these species. Regardless, this is the first study 18 which has used concurrent measurements of these important precursors to constrain the yields 19 of glyoxal and methylglyoxal. As parallel isoprene and monoterpene mixing ratios were not 20 available at Cape Grim the yield calculation used summer and spring isoprene and 21 monoterpene mixing ratios which are likely to result in an upper estimate of dicarbonyl 22 mixing ratios resulting from precursor oxidation. Conversely using the global average 23 lifetimes of glyoxal and methylglyoxal is likely to lead to an underestimate of the mixing 24 ratio of dicarbonyls at Cape Grim, as actual dicarbonyl lifetimes in winter at Cape Grim are 25 likely to be longer than the global average. The calculation also does not take into account 26 diurnal variation in production and loss rates. However, Coburn et al. (2014) showed that 27 while glyoxal over the Eastern Tropical Pacific varied by approximately 15 ppt (~30%) 28 between night and day, it did not decrease below 30 ppt at night (average both hemispheres). 29
The approach used here should therefore give a good approximation of the 24 hour 30 dicarbonyl mixing ratio expected from oxidation of precursors. The absence of photolytic 31 destruction and OH oxidation of dicarbonyls at night (the dominant known sinks), coupled 32 with an absence of dicarbonyl production through OH oxidation of precursors at night (the 33 dominant known source) likely contributes to the relatively constant mixing ratios between 1 day and night. 2
The low proportion of dicarbonyl mixing ratios that can be explained by oxidation of 3 precursors calculated here supports previous claims that there is unlikely to be sufficient 4 levels of VOC precursors over the remote oceans to explain the non-negligible levels of 5 glyoxal observed (Coburn et al., 2014; Sinreich et al., 2010) . For the first time, we show that 6 the same applies to methylglyoxal over the ocean. 7
The large proportion of glyoxal and methylglyoxal which cannot be explained by the 8 precursor mixing ratios confirms the importance of other production mechanisms. As 9 discussed previously, it is unclear whether positive SML fluxes are sufficiently large to 10 explain the unaccounted for portion of these gases at Cape Grim and Chatham Rise. of OA may make a non-negligible contribution to the dicarbonyl mixing ratios. 20
Another possible production mechanism is oxidation of as yet unidentified gas phase 21 precursors. 22
Comparison of glyoxal surface observations with satellite vertical 23 columns 24
In situ glyoxal mixing ratios from Cape Grim and Chatham Rise were converted into vertical 25 column densities (VCDs) and compared with glyoxal VCDs from GOME-2 on Metop-A. 26
Mixing ratios were converted to VCDs assuming that all glyoxal observed was well mixed 27
within the boundary layer, and assuming standard conditions throughout the boundary layer 28 of temperature (25ºC) and pressure (1 atm). Boundary layer heights of 850m were used for 29 both Chatham Rise (average of daytime and nocturnal radiosonde flights) and an average 30 modelled value for Cape Grim in all wind directions (unpublished data, see Zahorowski et al. 31 2013 for model details). Chatham Rise surface observations were compared to an average 1 GOME-2 column for March 2012 in the region 40-º50 S and 170-180ºE, while Cape Grim 2 surface observations were compared to GOME-2 columns taken from August-September 3 2011 in the region 39-42ºS and 143-147ºE. 4
In the Austral summer, GOME-2 glyoxal columns over the temperate oceans in the SH are 5 low, but somewhat higher than other remote regions, while in winter the columns are among 6 the lowest observed globally (Lerot et al., 2010 ). There is low inter-annual variability in the 7 GOME-2 glyoxal VCDs at both the regions encompassing Cape Grim and Chatham Rise, but 8 a clear seasonal cycle, with a maximum VCD in the summer months (Dec-Feb) and a 9 minimum in the autumn-winter months (May-August). The 2007-2012 average seasonal 10 variability of GOME-2 glyoxal VCDs from the sites above is shown in Figure 5 . In June, 11
VCDs cannot be calculated due to insufficient satellite sensitivity resulting from observation 12 geometry (low angle of the sun). 13
Cape Grim VCDs calculated from in situ observations are 2.1 × 10 13 molecules cm Expected yields of glyoxal and methylglyoxal were calculated based on parallel 3 measurements of precursor VOCs, including isoprene and monoterpenes. At most, 1-3 ppt of 4 the glyoxal and methylglyoxal observed in clean marine air can be explained from oxidation 5 of these precursors, confirming a significant contribution from another source over the ocean. 6
While the SML has recently been confirmed as a direct source of glyoxal both in the field and 7 in laboratory studies, it seems unlikely this positive flux is a sufficiently large to explain the 8 atmospheric concentrations observed. Other possible, but unconfirmed sources may include 9 oxidation of as-yet unidentified gas precursors, or atmospheric oxidation of organic aerosol. 10
Glyoxal observations were converted to VCDs and compared with GOME-2 satellite VCDs. 11
While in situ and satellite observations both observe a higher glyoxal VCD in summer, the 12 satellite VCD exceeds the surface observations by more than 1.5x10 14 molecules cm -2 . 13
Recent observations of glyoxal in the free troposphere suggest that this discrepancy is least in 14 part due to the incorrect assumption that all glyoxal observed over the ocean by satellites is in 15 the MBL. Other reasons for the discrepancy may be due to challenges in retrieving low 
